ABSTRACT The complete nucleotide sequences of the 5.8S and 26S rRNA genes of Physarum polycephalum and the transcribed spacer between them were determined. Comparison of the sequences with those of the Escherichia coli 23S rRNA and yeast 26S rRNA genes showed that there are 16 highly homologous regions in the sequences of Physarum and E. coli and that eukaryotes have some eukaryote-specific extra sequences. The sequence immediately following the 5.8S-like region of E. coli 23S rRNA was found to be highly homologous to the 5' terminus of Physarum 26S rRNA, indicating that the eukaryote-specific 5.8S rRNA gene is derived from the 5'-terminal region of the prokaryote large rRNA gene.
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The rRNA gene is a highly conserved gene but several lines of evidence indicate that many changes have taken place in it during evolution: (i) Eukaryotes have a 5.8S rRNA gene that is absent in prokaryotes; (ii) rRNA of eukaryotes is larger than that of prokaryotes; and (iii) curiously, an intervening sequence(s) was found in the large rRNA gene of some lower eukaryotes or their organelles. Sequence analysis of the rRNA gene from various organisms would provide information on the molecular basis of these evolutionary changes. However, little information is available on eukaryotic rRNA, particularly large rRNA, although the sequences of the 25 to 26S rRNA genes of two yeast strains were determined recently (1, 2) .
In this paper, we report the complete nucleotide sequences of the Physarum 5.8S and 26S rRNA genes and the transcribed spacer between them. Our results suggest that there have been several insertions into the rRNA gene during evolution.
MATERIALS AND METHODS
DNA and DNA Sequence Analysis. Plasmids pRD4 and pEW209 have been described (3) . The former includes the Physarum 5.8S rRNA gene, the 5' half of the 26S rRNA gene, and an internal transcribed spacer and the latter, the 3'-terminal region of the 26S rRNA gene. pRD4 was digested with Xho I or with HindIII/EcoRI, and the 3.3-kilobase (kb) Xho I and 0.2-kb HindIII/EcoRI fragments were isolated for DNA sequence analysis. The 2.6-kb BamHI/EcoRI fragment of pEW209 was also purified and its sequence was determined. Sequence analysis was carried out as described by Maxam and Gilbert (4) .
Preparation of Physarum polycephalum 26S rRNA. Physarum rRNAs were isolated from the ribosomal pellet as described by Hall and Braun (5) and dissolved in 0.1 M LiCl/10 mM EDTA/10 mM Tris-HCl, pH 7.8/0.2% NaDodSO4. The sample was then heated at 60°C for 5 min and centrifuged on a 10-30% sucrose density gradient. 26S (8), two introns of the 26S rRNA gene (9, 10), and the 3'-terminal region of the 26S rRNA (11) . Using the recombinant plasmids pRD4 and pEW209 ( Fig. 1) , which contain the 26S rRNA gene of P. polycephalum (3), we analyzed the remaining parts of the 26S rRNA gene and its flanking region by a chemical method (4) and completed the nucleotide sequence ranging from the 5' flanking region of the 5.8S rRNA gene to the 3' flanking region of the 26S rRNA gene (6,191 nucleotides) . The analysis strategy is shown in Fig. 1 and the whole sequence is presented in Fig. 2 .
Determination of the 5' End of 26S rRNA. The 5' and 3' ends of the 5.8S rRNA gene, the 3' end of the 26S rRNA gene, and the junctions between the exon and intron were determined previously (8) (9) (10) (11) . Here, we report the 5' end of the 26S rRNA gene. Our preliminary results suggested that a 94-bp Taq I fragment of pRD4 contained the 5' terminus of the gene. Using this fragment, we determined the 5' end of the gene by nuclease P1 (6) and reverse transcriptase (7) mapping as described above. Nuclease P1 mapping suggested that the 5' end of 26S rRNA is about 70 bases from the Taq I site (data not shown). In reverse transcriptase mapping, two bands were observed on an 8% polyacrylamide/7 M urea gel (Fig. 3) . The upper band migrated to the same position as on nuclease P1 mapping. The lower band is probably a product formed as a result of the tendency of the reverse transcriptase reaction to stop at this position. Since the fragments resulting from the chemical reactions of DNA sequence analysis migrate one and a half nucleotides faster than the corresponding fragments generated by the reverse transcriptase and nuclease P1 reactions (7) , the sequence at the 5' end of 26S rRNA was inferred to be 5' C-G-G-G-A-U-G-G-C-A-. From this result, together with previous results, the positions of the 5.8S rRNA gene and three exons of the 26S rRNA gene were determined to be as shown in Fig. 2 . From the gene sequence data, the total length of 26S rRNA is concluded to be 3,788 nucleotides.
Comparison of the rRNA Gene Sequences of Physarum and Other Species. The nucleotide sequences of the large rRNA gene of Escherichia coli and yeast have been published (1, 2, 12) . To obtain an insight into the evolution of the rRNA gene, we compared the sequence of the Physarum gene with those of E. coli and yeast. The comparison was made by using a computer program developed by Staden (13 16 homologous regions, which are concentrated in the 3' half of the rRNA with few in the central part. These regions are also conserved in yeast 26S rRNA (Fig. 4) . Regions II, IV, V, and XV are found to be conserved in 16S rRNA of human mitochondria (14) (data not shown). Intron 1 and intron 2 are located in the highly conserved region, as pointed out previously (9, 10) .
Physarum rRNA was found to have two large sequences not present in E. coli rRNA that were present between homologous regions II and III and between regions XIII and XIV (Fig.  4) . These extra sequences appear to be common in eukaryotes; similar sequences were also found in yeast in similar positions and these were partly homologous with those of Physarum.
We previously pointed out that Physarum5.8S rRNA has some sequence homologies to the 5'-terminal region of E. coli 23S rRNA (8) . As shown in Fig. 4 , the region immediately following the 5.8S-like region of E. coli 23S rRNA is highly homologous with the 5'-terminal region of Physarum 26S rRNA, indicating that the eukaryote-specific 5.8S rRNA gene is derived from the 5'-terminal region of the prokaryote-type large rRNA gene, probably as a result of insertion of a spacer sequence.
DISCUSSION
We have determined the complete nucleotide sequence of the Physarum 5.8S and 26S rRNA genes and the spacer between them. Physarum is, so far as we know, the second eukaryote genus for which the sequence of the large rRNA gene has been completely determined. We compared the sequence of the large rRNA gene with those of E. coli 23S (12) and yeast 26S rRNAs (1, 2) and found several interesting features from the viewpoint of gene evolution.
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ATtAACTCG-`-`ruUAGCCC GCACCGTAGC ATCACGCCGC CTCGCATGrCGC GGTGTAAAGC GTCATACGTG GGCAAGGATC GCGACTGATG CCGTCTTTCT (1) have pointed out that the overall secondary mologous to E. coli 23S rRNA in overall nucleotide sequence structure of large rRNA is highly conserved between E. coli and (15) . Regions II, IV, V, and XV are conserved even in human yeast. Our results show that the nucleotide sequence is also highly mitochondria, although humans are very far from Physarum in conserved in various regions of large rRNA. These sequences evolutionary distance (8, 16) . It is known that the region near must play important roles in ribosomes and be conserved dur- (8, (18) (19) (20) . Based on these findings, the hypothesis has been proposed that the eukaryote 5.8S rRNA gene is derived from the 5' terminal region of the prokaryote large rRNA gene. Alignment of homologous regions of the large rRNA genes of Physarum and E. coli (Fig. 4) Fig. 2) is found near the end of the extra sequence between regions II and III. Also, as we have previously shown, there exists a direct repeat sequence near the junction of intron 1 (indicated by a wavy line in Fig. 2) (9) . Since a number of insertion-type sequences are associated with a direct repeat sequence at their insertion sites, it is conceivable that extra sequences have been introduced into the eukaryotic rRNA gene by insertion of foreign DNA.
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In summary, in the present work, we have demonstrated the following points. (i) Highly conserved regions of large rRNA exist not only in the 3' half of the RNA but also around the 5' terminal region. (ii) Eukaryote large rRNA has at least two eukaryote-specific extra sequences. (iii) The eukaryote-specific 5.8S rRNA gene is derived from the 5'-terminal region of the prokaryotic large rRNA gene.
